Abstract: Cell gap thickness measurement on the scale of micrometers has been widely developed, due to its importance for applications such as display. In this paper, we propose and demonstrate a simple and precise method for measuring a millimeter-scaled cell gap by using a terahertz time-domain spectroscopy system. Basically, it is a kind of spectrum scanning method with a light source of broadband terahertz radiation. This method allows us to measure the cell gap from 15 m to 1.5 mm. In addition, the accuracy of measured thickness for the proposed method is also discussed and analyzed. This is the first time, to our best knowledge, that we can precisely measure the cell gap thickness as high as millimeters by optical measurement.
Introduction
Liquid crystals (LCs) have a plenty of applications such as display, tunable optical devices, communication and signal processing, and so on [1] , [2] . Due to their nature of birefringence. In order to design liquid crystal device, realizing the optical properties of LC is necessary. Besides, the cell gap thickness of LC is also a key parameter. As a result, precise measurement of the cell gap thickness of LC is always an important issue. Previously, extensively efforts about the optical properties of LCs in visible have been reported [3] - [7] , and the thickness of the cell gap in visible were obtained through spectrum scanning method [8] - [10] , phase compensation method [11] , and input polarization angle-dependence method [12] . Over the past decade, Terahertz (THz) photonics has been encouraged and attracted more research and attention in coherent time-domain spectroscopy [13] , imaging and ranging of objects [14] , [15] , and as a diagnostic of ultrafast carrier dynamics in semiconductors [16] , [17] . Meanwhile, using nematic liquid crystal materials (ex: 5CB or E7), the THz phase shifter grating and beam deflector have been also demonstrated [18] - [21] . Regarding the optical properties in THz frequency range, several groups have reported the refractive indices of the nematic liquid crystals (NLCs) using THz time domain spectroscopy (THz-TDS) [22] , [23] . For application of LCs in the THz range, whose spectral region is about 0.1-10 THz between the microwave and mid infrared range, hundreds of micrometers thick cell gap of LCs are required. However, typical methods for thickness measurement for this thickness range will not be applied. For example, the spectrum scanning method can precisely characterize the thickness ranging from 2 to 20 um. As a result, it is impossible to provide the accurate value of thickness of LC cell with standard approach for THz application devices. In this work, we propose a simple method to precisely measure thickness of cell gap. It is based on the Fabry-Pérot effect within the LC cell. Meanwhile, using the obtained thickness of LC cell, the optical properties of NLC (E7), such as n e and n o , are analyzed as well. The results have a good agreement with the one reported. Further, we also discuss the working range and accuracy of the proposed method.
Theoretical Background of Cell Gap Analysis at THz Range
THz spectrum scanning method is one of standard approach for measuring LC cell thickness [8] - [10] . It is based on resonant property of LC cell with broadband visible/infrared light source. The LC cell can behave likes a Fabry-Pérot etalon, as shown in Fig. 1 . The transmission spectrum will be periodically modulated and exhibits peak behavior at specific frequency as resonance occurring within the cell. The relationship between cell thickness d and resonance wavelength can be described as 2nd sin ¼ m i (1) where n ¼ 1 as the refractive index of air, m i ¼ 1; 2; 3:i . . . :
To simplify the difficulty in calculation and measurement, we only consider the simple case of incidence normal to the LC cell ð ¼ 0Þ. The first resonance wavelength is the common difference of resonance wavelengths which is equal to 2d . The second resonance wavelength 2 can be obtained through
The thickness of cell gap d then can be described as
where c, f 1 , and f 2 are light speed and corresponding frequency of first and second resonance wavelength 1 and 2 , respectively. Clearly, (3) shows the relationship of resonance frequencies and cell gap. The cell gap can then be defined by calculating the averaged frequency difference between adjacent resonance peaks of transmission spectrum. Typically, the spectrum scanning method can provide information of cell thickness ranging from 2 m to 20 m which limited by maximum wavelength of visible/infrared light source. Recently, an Indium-Tin-Oxide-clad liquid crystal filled Fabry-Pérot etalon structure had been shown to act as an effective narrow-band filter at THz frequencies [24] . Typically, THz means frequency of radiation ranging from 0.1 to 10 THz. It indicates the corresponding wavelength from 30 m to 3 mm. Therefore, the LC cell thickness as long as mm can be retrieved when replacing broadband light source from visible to THz. with 600 m thickness ZnTe crystal. Typically, THz will be heavily absorbed by the water vapor, so we purged with dry nitrogen to avoid its absorption. The measurements were made at temperature 20°C.
Experimental Method

Experimental Setup
Sample Preparing
In this work, two kinds of samples are prepared. The first one is for testing the proposed method. We make four samples with different cell gap. The substrates are fused silica with thickness of 1.14 mm coated with 100 nm thick layer of Indium-Tin-Oxide (ITO) and cell gap thickness is controlled by the spacers which are numbers of glass cover slips. The number of cover slips of four cells are 2-5, respectively. Regarding the second one, we applied this method to measure the refractive index of E7 liquid crystal (LC). Since THZ-TDS can retrieve the optical properties from transmission or reflection spectrum, the reference spectrum is required. Therefore, the reference cells here are constructed by two 1.14 mm thick fused Silica coated with 100 nm thick ITO. One should be noted that the thickness of ITO should be high enough to exhibit resonant property. However, the absorption due to ITO will also depress the power of transmitted THz. An optimized thickness of ITO should be controlled. Here, 100 nm thickness ITO is used. Fig. 3(a) shows the scheme of samples for testing experiment. As for the application experiment, the cell is constructed by a LC layer which was sandwiched by two fused Silica with normal thickness of 1.14 mm coated with 100 nm thick ITO, as shown in Fig. 3(b) . The thickness of LC layer is controlled by spacer. The E7 LC will be characterized at homeotropic texture with 1200 V and calculated the refractive index with the cell gap. Fig. 3(c) is the scheme of reference cell. 
Results and Discussion
Test of Proposed Method for Cell Gap Thickness Measurement
First of all, using cells sandwiched by various number of glass cover slips whose thickness of single glass is 160 um, the gap thickness of cells are characterized. Fig. 4 shows the temporal profile of THz signal passing through the cells. Clearly, the periodic signals are observed and the relative time delay between adjacent signals increase as number of glass. This can be realized that it is from the reflection within the cell. We further analyze the transmission spectrum since the cell gap thickness can be retrieved from spectrum. Fig. 5(a) shows the normalized transmission spectrums of different cell with various numbers of glasses. As expectation, the periodic peaks are observed and the frequency difference of adjacent peaks is decreasing as increasing thickness of cell gap, as shown in Fig. 5(b) . In addition, the frequency of the first resonance peak is plotted and almost the same behavior for frequency difference between adjacent resonance peaks is observed as well. According to description about relationship between cell gap thickness and resonance frequencies, we can then calculate the thickness of cell gap and plot the thickness of cell gap as functions of glass number, as shown in Fig. 6 . Apparently, the nature of linearity exhibits that the thickness of cell gap is proportional to number of glasses. The slope means the thickness of single glass is around 154 m and close to 160 m. One can easily estimate that the deviation is smaller than 4%, and this shows the feasibility of the proposed method. 
Optical Properties Characterization of Nematic Liquid Crystal E7
Second, to identify the function for THz application, we investigate the optical properties of nematic liquid crystal cell E7 which has been reported. The LC cells have been demonstrated their ability for THz photonics, such as THz shifter [18] , [19] . In the past, the thickness of LC cell used in calculating optical properties is from the difference of thickness between the whole cell and two glasses/substrates. Here, cell gap thickness is first characterized through transmission spectrum of empty cell. Fig. 7(a) shows the normalized transmission spectrum. We can easily calculate the cell gap of around 322 m through frequency of first resonance peak or frequency difference between adjacent resonance peaks. We then characterize THz profile which passing through cell filled with E7 and reference cell, as shown in Fig. 7(b) . Using typical algorism used in THz-TDS, one can calculate the optical properties [23] . Fig. 7(c) shows the range of ordinary refractive index of E7 LC is from 1.55 to 1.565 in THz frequency range from 0.2 to 2 THz and it is closed to the value reported previously [24] . Meanwhile, similar tendency of frequency dependent refractive index further confirm feasibility of the proposed method for application, such as THz photonics.
Characterization Range and Accuracy of Proposed Method
In principal, the thickness can be easily obtained from resonance peak behavior using spectrum scanning method. Previously, the spectrum scanning method can only provide information of thickness ranging from 2 to 20 m. This is due to the light source used is belong to visible/infrared. In our proposed method, the measuring range of thickness depends on the THz source frequency range. Fig. 8 shows that the first and the second resonance frequency are functions of cell gap thickness. One can obtain working range of proposed method for measuring cell gap thickness ranging from 15 m to 1.5 mm since typical THz frequency means frequency of radiation from 0.1 to 10 THz. This indicates that the proposed method can cover almost all the thickness used for application. Regarding to the cell gap thickness shorter than 15 m, the thickness can be provided by plenty of methods, such as spectrum scanning method, which is widely used.
Accurate thickness measurement is always an important issue. For example, it will influence the optical properties, such as phase retardation, for applications. Regarding the accuracy of our proposed method, for the spectral resolution f of the THz-TDS, it will cause an error of measuring thickness d . Therefore, (3) can be rewritten as
where c, d , and Áf represent the light speed, the cell gap thickness, and frequency difference between adjacent resonance peaks, respectively. Equation (4) can then be described as
Finally, the relationship among error of measurement, thickness, frequency difference and spectral resolution of THz-TDS can be obtained and written as [24] , and the open circles are the data of this work. where S is defined as the standard deviation. Obviously, from (6), for measuring the thickness with higher accuracy, S as small as possible is required. One should be noted that Áf also can be replaced by frequency of first resonance peak f 1 since Áf and f 1 have the same value. Typically, the spectral resolution of THz-TDS is about 10 GHz and the error for measuring thickness can be realized. Fig. 9 shows the measuring range from 15 m to 1.5 mm and the corresponding standard deviation. For example, minimum thickness can be measured is around 15 m and corresponding error is 0.1%. In addition, the error will increase with increasing thickness of the cell gap.
Conclusion
In a summary, we present a simple and precise method for measuring the cell gap by using terahertz time domain spectroscopy system. The less than 4% measuring deviation for 160 m thick glass cove slip and index of refraction of E7 with good agree compared to the result reported exhibit the feasibility. We also discuss and show the working rang and this reveals the functionality for application. Finally, the accuracy of the proposed method is analyzed. This method allows us to measure the optical property of LCs in THz frequency range without other measuring system and reveal its potential for application of THz photonics.
